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Abstract

Cold, low-mass, field brown dwarfs are important for constraining the terminus of the stellar mass function, and
also for optimizing atmospheric studies of exoplanets. In 2020 new model grids for such objects were made
available: Sonora-Bobcat and ATMO 2020. Also, new candidate cold brown dwarfs were announced, and new
spectroscopic observations at λ≈ 4.8 μm were published. In this paper we present new infrared photometry for
some of the coldest brown dwarfs, and put the new data and models together to explore the properties of these
objects. We reconfirm the importance of mixing in these atmospheres, which leads to CO and NH3 abundances that
differ by orders of magnitude from chemical equilibrium values. We also demonstrate that the new models retain
the known factor 3 discrepancy with observations at 2 λ μm 4, for brown dwarfs cooler than 600 K. We
show that the entire 1 λ μm 20 energy distribution of six brown dwarfs with 260� Teff K� 475 can be well
reproduced, for the first time, by model atmospheres which include disequilibrium chemistry as well as a
photospheric temperature gradient which deviates from the standard radiative/convective equilibrium value. This
change to the pressure–temperature profile is not unexpected for rotating and turbulent atmospheres that are subject
to diabatic processes. A limited grid of modified-adiabat model colors is generated, and used to estimate
temperatures and metallicities for the currently known Y dwarfs. A compilation of the photometric data used here
is given in Appendix C.

Unified Astronomy Thesaurus concepts: Stellar convective zones (301); Infrared sources (793); Brown dwarfs
(185); Stellar atmospheres (1584)

Supporting material: data behind figures, machine-readable table

1. Introduction

Historically, the discovery of cooler main-sequence stars has
led to tension between the observations and the synthetic
spectral energy distributions (SEDs) generated by model
atmospheres. Major advances are made with every discovery,
which resolves most discrepancies, until the next coolest type is
found. Plane-parallel, radiative-convective atmospheres in local
thermodynamic and hydrostatic equilibrium did not reproduce
observations of M dwarfs until more complete line lists of
molecular transitions for hydrides and oxides were calculated
(e.g., Allard & Hauschildt 1995; Cushing et al. 2003, 2005;
Tennyson et al. 2007). Discovery of the very red L dwarfs led
to the recognition of condensation and settling as important
processes in cool atmospheres (Tsuji et al. 1996; Ruiz et al.
1997; Burrows & Sharp 1999; Lodders 1999; Ackerman &
Marley 2001; Woitke & Helling 2003; Morley et al.
2012, 2014). Infrared observations provided evidence of
additional nonequilibrium processes, with more CO absorption
at λ≈ 4.5 μm, and less NH3 at λ≈ 1.5 μm and λ≈ 11 μm than
would be present in an atmosphere in chemical equilibrium
(e.g., Saumon et al. 2000, 2006; Leggett et al. 2007). Vertical
transport of gas in the atmospheres of the solar system giant

planets produces nonequilibrium chemical abundances (Fegley
& Prinn, R. G. 1985; Noll et al. 1997) and this became
recognized as an intrinsic feature of cool stellar and substellar
atmospheres also.
In the last decade, cold substellar objects have been

discovered which have even more in common with the giant
planets. Substellar objects, or brown dwarfs, have insufficient
mass for stable fusion and they cool with time (Dantona &
Mazzitelli 1985; Burrows & Liebert 1993; Baraffe et al. 1998;
Saumon & Marley 2008; Phillips et al. 2020). These objects
form the extended low-mass tail of the stellar mass function
(e.g., Kirkpatrick et al. 2019, 2021), and brown dwarfs as low
mass as 4 Jupiter masses have been found in young clusters and
associations (Best et al. 2017; Esplin & Luhman 2017; Luhman
& Hapich 2020; Lodieu et al. 2021). Older, free-floating, and
cold very low-mass objects have also been found; the most
extreme example is the few-gigayear-old WISE J085510.83-
071442.5, hereafter, J0855, which is a 260 K, ∼5 Jupiter-mass
object, 2 pc from the Sun (Luhman 2014; Luhman &
Esplin 2016; Leggett et al. 2017). The properties of giant
planets and brown dwarfs overlap significantly (Showman &
Kaspi 2013; Morley et al. 2014; Line et al. 2015; Showman
et al. 2019), and the difference between their formation
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formation via a sedimentation parameter and a fractional cloud
cover(e.g., Morley et al.2014). Also, some models represent
vertical transport of gas(which results in disequilibrium
chemical abundances) as a diffusive process, via the vertical
eddy diffusivity parameterKzz (square centimeters per second,
e.g., Saumon et al.2006). The models we use here are
parameterized byTeff, g, [m/ H] and Kzz. They are cloud-free
and we discuss the possible impact of clouds later in this paper.

Figures 2 and 3 show color–color and color–magnitude
diagrams for late-T and Y-type brown dwarfs. Observed colors
are plotted, as well as sequences from the Sonora-Bobcat
models21 (Marley et al. 2017, 2021) and the ATMO 2020
models22 (Phillips et al.2020).

Figure2 shows various colors plotted againstJŠ [4.5], as a
proxy for Teff. Note however thatJ Š[4.5] is also sensitive to
gravity, metallicity, mixing, and clouds(e.g., Figure3 bottom
panel). The photometry is taken from this work(Tables1 and
2) and the literature(Leggett et al.2017; Kirkpatrick et al.
2019, 2021; Marocco et al.2019, 2020; Bardalez Gagliuf�
et al. 2020; Faherty et al.2020; Meisner et al.2020a, 2020b,
see also the photometry compilation in AppendixC). Figure3
shows color–magnitude diagrams for late-T and Y dwarfs with
measured trigonometric parallaxes. Parallaxes are taken from
Leggett et al.(2017), Martin et al.(2018), Kirkpatrick et al.
(2019, 2021), Bardalez Gagliuf� et al. (2020), Marocco et al.
(2020). The absolute[4.5] magnitude is shown as a function of
the near-infrared colorJŠ H, the mid-infrared color[3.6] Š
[4.5], and the long-baseline colorJ Š [4.5]. The absolute[4.5]
magnitude can be used as a proxy for luminosity because� half

of the total energy is captured by this� lter for cold brown
dwarfs. Luminosity in turn is strongly correlated withTeff
through the Stefan–Boltzmann law, because the radius of a
brown dwarf does not change signi� cantly after around 0.3 Gyr
(Burrows et al.1997, see also Section5.5). Note however that
the [4.5] � ux is also sensitive to gravity, metallicity, and
mixing (e.g., Figure3 bottom panel).

The new photometric measurements presented here
(Tables1 and 2) are represented by blue points in Figures2
and 3. The new data support and build on the empirical
sequence in each panel of Figure2; the K-band data point for
J0647 nicely� lls in a gap in theJŠ K sequence atJ Š
[4.5] � 8, and the newJ-band data improves the de� nition of
the tightJ Š[4.5]:[3.6] Š [4.5] observational sequence. For the
400–600 K brown dwarfs, theJŠ K and [4.5] Š W3 colors
appear to have a large degree of intrinsic scatter; we discuss
this further in Section6.2.

Figures2 and3 show that the most recent models at the time
of writing, the ATMO 2020 and Sonora-Bobcat models,
generate very similar colors for the same parameters. That is,
the chemical equilibrium solar-metallicity cloud-free ATMO
2020 and Sonora-Bobcat model sequences(yellow and olive
green solid lines in the� gures) are very similar. The models,
which include vigorous mixing(dark red lines), do a better job
of reproducing the observedJ Š [4.5]:JŠ H andJ Š[4.5]:[4.5]
Š W3 sequences in Figure2, and theJŠ H:M[4.5] and[3.6] Š
[4.5]:M[4.5] sequences in Figure3. This is because mixing in
these cool atmospheres has the net result of decreasing the NH3
abundance and increasing N2, and increasing CO at the expense
of CH4 (e.g., Noll et al.1997; Saumon et al.2006, 2007;
Visscher & Moses2011; Zahnle & Marley2014; Leggett et al.
2015; Tremblin et al.2015; Phillips et al.2020). TheH and W3

Table 2
Revised and New WISE and Spitzer Photometry

WISE Name Discovery Spec. Type ALLWISE Catalog This Work

R.A./ Decl. J Ref. Type Ref. W3 W4 W3 W4 [3.6] [4.5]

001449.96+ 795116.1 Ba20 T8 Ba20 13.69± 0.40
002810.59+ 521853.1 Me20b T7.5 Me20b 13.95± 0.43
013217.78–581825.9 Me20b T9 Me20b 14.10± 0.41
014603.23–261908.7 Me20b T7.5 Me20b 13.63± 0.34
081117.81–805141.3 Ma13b T9.5 Ma13b 12.64± 0.32 9.21± 0.38 11.09± 0.65
085510.83–071442.5a Lu14 > Y4 Ki19 11.14± 0.13 11.51± 0.06 10.56± 0.50
085757.95+ 570847.5 Ge02 L8 Ge02 10.32± 0.06 8.64± 0.35 10.48± 0.50
093735.63+ 293127.2 Bu02 T6pec Bu06 10.70± 0.10 10.36± 0.34
105349.41–460241.2 Me20b T8.5 Me20b 14.13± 0.40
112106.36–623221.5 Ki21 T7 1 16.47± 0.10 15.13± 0.04
125721.01+ 715349.3 Me20b Y1 Me20b 13.55± 0.33
182831.08+ 265037.8 Cu11 > Y2 Ki12 12.44± 0.34 10.65± 0.52
193054.55–205949.4 Me20b Y1 Me20b 14.44± 0.58
214025.23–332707.4 Me20b T8.5 Me20b 13.32± 0.32
225404.16–265257.5 Me20b T9.5 Me20b 13.29± 0.29

Note.
a Wright et al. (2014) and Kirkpatrick et al.(2019) demonstrate that the� rst epoch of WISE observations of J0855 are signi� cantly contaminated at W1 by
background sources. The W3 and W4 images date to the same epoch and the background sources will therefore be at the same location as J0855. Wright et al.(2014)
measure W1= 16.12 and W1Š W2 = 0.67± 0.17 for these sources from images where J0855 has moved away(post-cryo). Nikutta et al.(2014) analyze WISE
colors for large samples of Galactic sources; their Figure 6(panel 3) shows that the W1Š W2 color is likely to be on the bluer side of the Wright et al.(2014)
measurement, and the most likely values of W2Š W3 and W3Š W4 are� 0.8 and� 1.0 respectively. Hence the background sources are expected to have W3� 15
and W4� 14, and so are not likely to signi� cantly contaminate the J0855 W3 and W4 values in the Table. The successful model� ts we show in Section5.2support
this conclusion.
References.(1) this work; Ba20—Bardalez Gagliuf� et al.(2020), Bu02—Burgasser et al.(2002), Bu06—Burgasser et al.(2006), Cu11—Cushing et al.(2011), Ge02
—Geballe et al.(2002), Ki12—Kirkpatrick et al.(2012), Ki19—Kirkpatrick et al.(2019), Ki21—Kirkpatrick et al.(2021), Lu14—Luhman(2014), Ma13b—Mace
et al. (2013b), Me20b—Meisner et al.(2020b).

21 https:// zenodo.org/ record/ 1405206# .XqoiBVNKiH4
22 http:// opendata.erc-atmo.eu
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bands brighten when the NH3 absorption decreases, and[4.5]
becomes fainter due to increased CO. For a representative
400 K brown dwarf with logg = 4.5, the ATMO 2020 models
with no mixing and with strong mixing( ��Klog 6zz ) give
� H = Š 0.7, � W3= Š0.2, and� [4.5] = + 0.3.

However, although the nonequilibrium chemistry models
reproduce much of the data in Figures2 and3, Figure2 shows

that all models diverge from the observedJŠ K and [3.6] Š
[4.5] colors forTeff � 600 K. Discrepancies between observa-
tions and synthetic colors are also apparent in theJ Š
[4.5]:M[4.5] plot in Figure3.

Figure 4 shows observed mid-infrared colors for M, L, T,
and Y dwarfs which can be used to estimate 5–20� m colors of
cool dwarfs, for example, for JWST observations. If used for

Figure 2. Color–color diagrams for late-T and Y dwarfs. Black dots are photometry from the literature; blue dots are new data presented here. Olive green lines are
chemical equilibrium Sonora-Bobcat models, and yellow lines are chemical equilibrium ATMO 2020 sequences for a mass of 0.015Me ( �xglog 4.5). Dark red lines
are chemical nonequilibrium ATMO 2020 sequences for masses of 0.015Me ( �xglog 4.5) and 0.005Me ( �xglog 4.0). Line types indicate gravity and metallicity as
in the legend. ApproximateTeff values along the top axis are from the ATMO 2020 nonequilibrium chemistry models. Circled points indicate seven dwarfs that we
analyze in detail in Section5, which are identi� ed by short name in the bottom panel. Four color outliers are also identi� ed: ULAS J141623.94+ 134836.30
(“S1416B”), WISE J111838.70+ 312537.9(W1118), WISEA J215018.25-752039.7B(W2150B), and Wolf 1130C. W1118 is a distant companion to a quadruple
system composed of F and G stars(Wright et al.2013). S1416B and W2150B are companions to L dwarfs(Burningham et al.2010; Faherty et al.2020). Wolf 1130C
is a companion to an sdM and white dwarf binary(Mace et al.2013a). W1118, S1416B, and Wolf 1130C are members of metal-poor systems with[m/ H] = Š 0.3,
[m/ H] � Š 0.3, and[m/ H] � Š 0.75, respectively(Wright et al.2013; Kesseli et al.2019; Gonzales et al.2020).
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this purpose, the reader should note that the uncertainties are
large and exposure estimates should therefore be conservative.
We include a by-eye empirical sequence that can be used for
interpolation. It is important to note thatchemical equilibrium
models will underestimate the[4.5] Š W3 and[4.5] Š W4
colors of T and Y dwarfs by� 1 magnitude.

4. Modi� cations to Brown Dwarf Model Atmospheres

Given the discrepancies between observations and models
for brown dwarfs withTeff < 600 K (Figures2 and 3), we
explored modi� cations to the model structure. We used the

ATMO 2020 models that include strong mixing, as the starting
point, as overall they reproduce the observations better than the
chemical equilibrium models.

Energy transport in a cool dwarf atmosphere is predomi-
nantly convective, with radiative cooling becoming important
high in the atmosphere where the pressure is too low for
convection to be ef� cient. Convection is treated as an adiabatic
process where pressureP and temperatureT are de� ned by

��� H � H��P T constant1( ) . For an ideal gas,� is the ratio of speci� c
heats at constant pressure and volume and, for a gas composed
entirely of molecular hydrogen,� = 1.4. The reader is referred

Figure 3. Color–magnitude diagrams for late-T and Y dwarfs. Symbols and lines are as in Figure2. ApproximateTeff values along the top middle axis are from the
ATMO 2020 nonequilibrium chemistry models. Over-luminous Y dwarfs that are possibly unresolved binaries are identi� ed: CWISEP J021243.55+ 053147.2, WISE
J053516.80-750024.9, WISEPA J182831.08+ 265037.8, and CWISEP J193518.59-154620.3. In the lower panel, the metal-poor T dwarfs S1416B and Wolf 1130C
are identi� ed (see also Figure2).
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